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ABSTRACT The space division multiplexing elastic optical networks (SDM-EONs) based on multi-core
fiber (MCF) are an effective solution to improve transmission capacity. In SDM-EONs, spectrum resources
take on three-dimensional (3D) properties (i.e., frequency, time, and space), which brings new spatial
constraints to network resource allocation. Meanwhile, the spectrum fragmentation in the network also
presents same characteristics with the setup and release of dynamic lightpath. To improve the success rate
of transmission and the utilization of network resources, it is necessary to evaluate network fragmentation
effectively from the three dimension. Therefore, this paper focuses on a new fragmentation measurement
for SDM-EONs. Firstly, the 3D fragmentation metric is carried out considering the frequency-time-space
domain. Then, routing, core, and spectrum allocation (RCSA) scheme is proposed to allocate the spectrum
resource with minimal future fragmentation and core resource with maximal free resource reservation.
Simulation results show the proposed scheme better in blocking probability, spectrum utilization, and
fragmentation rate.

INDEX TERMS Fragmentation metric, RCSA, SDM, three-dimensional properties.

I. INTRODUCTION
Many high-traffic applications have emerged over the Inter-
net with the rapid development of big data, cloud computing,
and 5G mobile communication. These applications require
huge bandwidth support [1], and optical networks, as themain
carrier mode of the transport layer, face great challenges.
Traditional fixed wavelength division multiplexing networks
result in a waste of spectrum resources. To meet the needs
of Internet and communications in the future, elastic optical
networks (EONs) with greater flexibility and scalability [2],
[3] were proposed. Compared with traditional transmission
mode, the advantage of EONs lies in the flexibility of resource
allocation, which makes a reasonable spectrum planning the
focus. Routing and spectrum allocation (RSA) schemes are
the fundamental technology of resource planning [4].
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In EONs, a large number of requests are generated ran-
domly in time, and when dynamic RSA is carried out for
them, three constraints (i.e., spectrum continuity, contigu-
ity, and non-overlapping) need to be satisfied. Therefore,
the setup and release of dynamic lightpath will inevitably
create gaps (i.e., discontinuous resources) in the optical spec-
trum. Considering spectrum continuity and contiguous limi-
tations, the resources are difficult to be utilized by subsequent
requests, whereas new discontinuous resources constantly
generate, resulting in higher blocking probability and lower
spectrum utilization. The resources are known as spectrum
fragmentation, which severely affects network performance
[5]. In essence, effectively solving the fragmentation problem
is a necessary means to improve network performance.

In order to address the fragmentation problem for EONs,
two main methods have been adopted: reactive and proac-
tive. Reactive solutions use defragmentation, which is the
process of removal of fragmentation by rearranging already
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established connections [6]. However, defragmentation will
consume a large amount of cost and time. More works tend
to prevent fragmentation before its emergence (i.e., proac-
tive solutions) [7], [8]. The authors of [9] suggested the
time-spectrum resource partitions in advance to accommo-
date various connection requests better according to the dif-
ferent partitions. Due to the randomness and uncertainty of
connection requests, connections that requests a large number
of slots may face difficulties to be accommodated over the
small size as the traffic volume increases. Hence, how to
measure the fragmentation resources of the network effec-
tively and then take measures will be the most important
solution [10]–[12].

Note that with the consumption of channel bandwidth
growing exponentially, single-core optical fiber transmission
capacity has approached its physical limit [13]; meanwhile,
the single resources in frequency domain may be unable to
serve the more connection requests. To achieve higher trans-
mission capacity, SDM-EONs with 3D resources such as fre-
quency, time, and space domain arise at the historic moment
based on multi-core fiber (MCF), which are considered to be
an effective solution [14]–[16] in the future. In SDM-EONs
based on MCF, space dimension with core resources is intro-
duced. First, the RSA is extended to RCSA, i.e., planning
route, allocating core, and spectrum resources for arrived con-
nections [17]. Then, on the top of the inherent fragmentation
problem, the inter-core crosstalk (IC-XT) problem is also
introduced. The IC-XT causes physical impairment to signal
when the same FSs of adjacent cores are utilized, affecting the
transmission of connection requests [18]. Therefore, to make
the most of the capacity advantage of SDM-EONs, we need
solve the fragmentation problem effectively based on the
consideration of IC-XT.

To achieve a lower blocking probability, the authors in [19]
proposed a hierarchical-graph-assisted network resource
model for the first time and an RCSA algorithm that the
seven-core fiber was divided into three layers according to
the number of adjacent cores, addressing the dual challenges
of IC-XT and spectrum fragmentation. Nevertheless, dur-
ing the resource allocation process, it was translated into a
two-dimensional (2D) rectangular packing. This paper pro-
vided a new way to avoid IC-XT, but the measurement of 3D
resources in the network has some limitations. Only a few
papers have so far focused on fragmentation metrics.

Thus, we concentrate on the spectrum allocation process
of connection requests from the effective measurement of 3D
resources. We first account for free SBs’ accommodation
capability for the connection requests in frequency domain,
and select the SB with minimal occupied resources to reduce
fragmentation. Then, the remaining time of free SBs in time
domain is considered, striving to find a SB based on the
alignment of the surrounding connections remaining time
for the requests (i.e., minimal future fragmentation). Finally,
we evaluate resource occupation for the existing connec-
tions to realize maximum free resource reservation on the
core in space domain. Based on these, a combined 3D

fragmentationmetric is provided, called the ‘‘available spatial
fragmentation rate’’ (ASFR). This is a new way to measure
the 3D fragmentation of SDM-EONs with frequency-domain
spectrum resources, time-domain request remaining time,
and space-domain core resources. Besides, we propose a
fragmentation-minimizing scheme (ASFR-RCSA) by calcu-
lating ASFR, allocating the optimal fragmented spectrum
slots for the incoming connection requests to leave more
free resources for future requests. The results show that the
proposed scheme can measure fragmentation better, reducing
the generation of fragmentation, improving obviously in the
block rate, spectrum utilization, and fragmentation rate.

The rest of this paper is organized as follows. Related
work on the fragmentation problem is presented in Section II.
In Section III, we show the system model in SDM-EONs.
Section IV describes the 3D measurements of spectrum frag-
mentation in detail. In Section V, we propose the RCSA
scheme based on ASFR. Then, we evaluate the performance
of the proposed scheme in Section VI. Finally, Section VII
concludes the paper.

II. RELATED WORKS
Recently, various studies have been reported on the measure
of the fragmentation resources. A metric was showed in [10]
to quantify the consecutiveness of the common available
spectrum slots among relevant fibers. The authors in [11]
investigated the RSA approach based on the relationship
between spectrum blocks’ (SBs’) accommodation capability
and traffic bandwidth distribution. Reference [12] proposed
two metrics including cut-based and alignment to evaluate
fragmentation, then the authors of [20] defined the ‘‘wasted-
unusable-free ratio’’ fragmentation metric based on a certain
path for connection requests. However, the abovementioned
works do not evaluate the effect of the time dimension, which
may lead to future fragmentation. In other words, fragmenta-
tion management is only for a short time; once the requests
left, network resources would become disorder again.

In [21], spectrum assignment algorithms were studied in
the time-spectral domain that avoid forming future fragmen-
tation. Reference [22] proposed a new fragmentation metric
in the time domain, and a combined spectral-time metric
is proposed. Based on this, the authors of [23] offered the
first fragmentation-aware algorithm considering the neighbor
link’s spectrum resources in the 3D environment, i.e., tem-
poral, spectral, and spatial domains. In [24], a new time
variance metric was designed for measuring the busy holding
time of adjacent frequency slots (FSs), and a model with
the minimal time variance in the spectrum-space auxiliary
graph was further established. The above metrics provide us
with a comprehensive 3D resource measurement idea, and
the proposed method reduces the generation of fragmentation
resources accommodating more business requests.

To suppress the spectrum fragmentation of SDM-EONs,
a spectrum defragmentation strategy triggered by the spec-
trum compactness was discussed in [25]. The strategy firstly
used the spectrum compactness in the frequency domain to
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measure the spectrum state of the network, and then decided
whether to perform the defragmentation. Based on this, ref-
erence [13] defined a new space-time spectrum compactness
measurement and reconfigured network spectrum fragmen-
tation resources through a more accurate method. In addition
of defragmentation, the authors of [26] considered both the
fragmentation state of spectrum on the path and the closeness
between the network nodes to avoid excessive use of the bot-
tleneck path, thus reducing the separation of FSs. Reference
[27] used several criteria, such as core fragmentation rate,
to choose the best path and SB, using classifications for cores
in MCF and push each connection in its related core, which
improves the spectrum utilization. Reference [28] suggested
a service provisioning mechanism by mining the potential
association rules between the crosstalk and spectrum frag-
mentations.

Reference [29] introduced a path-based fragmentation
measurement method, called Fragmentation Measure Metric
(FMM). Then, the proposed RCSA scheme (FMM-RCSA)
selected the path with a large degree of fragmentation first
for the connection requests by calculating FMM, avoiding
the generation of fragmentation. However, this measurement
only considered the current state of spectrum occupation in
the network, not future fragmentation caused by the remain-
ing time and not occupied core resources. At the same time,
it neglects fragmentation’s formation on the phase of core
and spectrum allocation. Limitations show in solving the
fragmentation problem. Therefore, this paper tackles how to
enhance spectrum utilization considering spectrum occupa-
tion and remaining time of the current requests from the three
dimension.

In general, effectively measuring the fragmented resources
of the network and putting forward the corresponding
fragmentation-aware methods are an important means of
resource optimization. Some achievements have been made
in the study of fragmentation in EONs. Many articles have
comprehensively measured the fragmentation resources in
a multi-dimensional way, which provides us with a new
perspective to figure out this problem. However, when the
core resources are introduced in SDM-EONs based on MCF,
people pay more attention to the IC-XT problem. The frag-
mentation is not reconsidered from frequency, time and space
domain after the introduction of a new form of resource,
lacking a truly 3D way to measure it more accurately.

III. SYSTEM DESCRIPTION
A. NETWORK MODEL
The SDM-EONs are modeled as a graph G(V ,E) where V is
the set of network nodes, and E is the set of bi-direction phys-
ical links that interconnects them. In the paper, the threshold
of the IC-XT, denoted by XTthreshold, is considered. Each core
provides lots of available spectrum divided into spectrum
resources small FSs.We denote each FS base capacity in GHz
as BC on the link. In our system model, the connection
request with beginning time tb and ending time te, bandwidth

requirement b Gigabit per second (Gbps) and demands a
lightpath from node s to node d is denoted as R(s, d, b, tb, te).
When a connection request Ri dynamically arrives at the
network, Ri is either established or blocked with a lightpath
PRi from node si to node di in the available SB [fsi , fei ] by
the control plane, in which the value of the SB is fi GHz
and calculated from (1). Moreover, fsi and fei are the index
of start FS and end FS of the SB, respectively. We assume no
spectrum or core converter in SDM-EONs owing to its high
complexity and cost.The size of the SB for a request Ri is
calculated by:

fi = d
bi

BC ∗M
e (1)

where bi is the bandwidth requirement of connection Ri, BC
is the FS base capacity and M is modulation level of the
connection request Ri. Some notations and their definitions
used in the paper are listed in Table 1.

TABLE 1. Notations and their definitions.

B. CROSSTALK MODEL
IC-XT is a key physical constraint in SDM-EONs, which can
severely affect the the transmission of connection requests.
To reduce IC-XT and achieve dense core arrangement,
a trench-assisted MCF was proposed in [30]. The seven-core
MCF model is also used in this paper. In addition, we make
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use of worst-case IC-XT estimation to ensure acceptable
IC-XT levels in the network, which assumes that all cores
adjacent to a specific core are occupied along the entire path
for any candidate path [31]. Then, we consider using (3) to
calculate the mean crosstalk of a MCF. In (2), h denotes the
mean increase in crosstalk per unit length, and k , r [mm], β,
and ωtr [µm] are the relevant fiber parameters, representing
the coupling coefficient, bend radius, propagation constant,
and core pitch, respectively [32]. In (3), n is the number of
the adjacent cores and L [km] represents the fiber length.

h(k, ωtr ) =
2k2r
βωtr

(2)

XT =
n− ne−(n+1)∗2∗h∗L

1+ ne−(n+1)∗2∗h∗L
(3)

We note that the IC-XT is mainly affected by the number
of adjacent cores and the length of the fiber. Therefore, when
conducting RCSA for the requests, we select the core that
satisfies the IC-XT threshold, if not satisfies, the core is
discarded. Meanwhile, we assume the connection requests
can be transmitted successfully when the IC-XT threshold is
met.

Taking connection request Ri as an example, it routed
through seven-core MCF links e of lengths d = 1000
[km]. In our worst-case IC-XT scenario, the central core has
6 adjacent cores (i.e., n = 6), while the other cores have
3 adjacent cores (i.e., n = 3). We assume the power-coupling
coefficient of h = 10−10. Therefore, −32.2 [dB] and −35.2
[dB] would correspond to central core and other cores by
using (3), respectively.

IV. 3D FRAGMENTATION METRIC-AVAILABLE SPATIAL
FRAGMENTATION RATE
In this section, we make a detailed introduction to the 3D
fragmentation metric of SDM-EONs in the frequency, time,
and space domains. To this end, we first extend the existing
approaches for measuring fragmentation in the frequency
domain. Then, we show a new fragmentation metric in
the time domain. Specially, we measure the occupancy of
resources tominimize fragmentation in the space domain, and
a 3D metric combined with them is proposed to achieve the
goal of solving the fragmentation problem.

First, we show the 3D resource pool of resource occu-
pancy for a certain link under the network in Fig. 1.
Here, the three axes represent the spectrum, time, and core
resources, respectively. The spectrum and time resources on
each core are divided into small FSs and remaining time slots
(RTSs), respectively. The resource occupancy of color repre-
sents a corresponding request. For each connection request
Ri(s, d, b, tb, te), the remaining time ti is calculated by:

ti = tei − t (4)

where tei is the ending time, and t is the current running
time of the network. The number of the RTSs tsi can be

FIGURE 1. 3D resource pool of resource occupancy in SDM-EONs.

obtained [19]:

tsi = d
ti
τ
e (5)

where τ is the time slot base capacity. Based on this, we can
focus on 3D fragmentation metric-ASFR now.

A. AVAILABLE SPATIAL FRAGMENTATION RATE IN
FREQUENCY DOMAIN
The fragmentation metric of the frequency domain has been
covered in many articles. The authors of [33] defined a classic
metric as the ratio between the size of maximal available
SB and the total free SBs on the link. However, this metric
does not reflect whether the available SBs of the fragmented
link can accommodate the requested bandwidth (i.e., whether
the block is fragmentation for the request). In other words,
the formation of fragmentation is necessarily related to the
bandwidth request. For example, the SB of three FSs is
regarded to be fragmentation if the number of FSs requested
by the connection is larger than three.

Therefore, we consider that the ratio of the difference
between the Bc,lmax and fR required by the connection R, and
the total free slots as the frequency weight of the link l in the
core c. The frequency-domain weight ASFRs(lc) is calculated
by (6), which means the extent to which the fragmentation
resources can accommodate the requests at the present.

ASFRs(lc) =
Bc,lmax − fR∑K

i=1 B
c,l
i

(6)

B. AVAILABLE SPATIAL FRAGMENTATION
RATE IN TIME DOMAIN
For the fragmentation problem of a dynamic network,
we consider the measurement of the current fragmentation in
the frequency domain, which may have a certain mitigation
effect for a short time. However, once connections terminate
after their remaining lifetimes, this method will fail with the
departure of connections in the network, which may lead
to the emergence of more fragmentation. Therefore, it is
essential to introduce the time domain, which affects future
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fragmentation formation. Based on this, for available SB Bc,li
in the core c of the link l, we consider its time-domain weight
ASFRt (B

c,l
i ) as the percentage of the absolute value of the

difference between the remaining time of Bc,li (i.e., average
RTSs of two requests occupied the first left and first right FS
of the Bc,li ) and the RTSs requested by the connection R:

ASFRt (B
c,l
i ) =

|
tslr+tsrr

2 − tsR|

100
(7)

where tslr and tsrr represent the RTSs of left and right
requests, respectively. For exemple, there are two free SBs
on the core 6 in Fig.1, and the remaining time of the first free
SB (i.e., slot 2) is 2.5 (i.e., 2+3

2 ).
The smaller the value of ASFRt (B

c,l
i ) is, the closer the

remaining time of Bc,li is to the connection request R. That
is, then, the request is gone together with the left and right
requests at the same time, which will make more room for
future requests and reduce the generation of fragmentation.

C. AVAILABLE SPATIAL FRAGMENTATION RATE
IN SPACE DOMAIN
Core resources are introduced in SDM-EONs based on MCF,
extending the original network resources to three dimen-
sion. To cope with this new resources, we concentrate on
the resource occupancy of all existing requests in the cores.
We define the space-domain weight ASFRsp(cl) of the core
c on the link l, as the sum of the product of FSs and RTSs
occupied by each requests r , as shown in (8):

ASFRsp(cl) =
∑
r∈R

fr ∗ tsr (8)

We regard the five requests in the core 6 of this link in Fig. 1
as a simple example to illustrate this weight. Here, the space-
domain weight of this link is 19 (i.e., 1 ∗ 2+ 2 ∗ 3+ 1 ∗ 4+
2 ∗ 2+ 3 ∗ 1). The larger the value of ASFRsp(cl), the larger
the occupied resources in the core c.

D. 3D FRAGMENTATION METRIC WITH ASFR
Given the definitions of three weight above, we can propose
the true 3D fragmentation metric-ASFR now. The ASFR of
each available SB Bi in all cores of the link l is calculated
by (9):

ASFR(Bc,li ) =
∑
l∈L

ASFRs(lc) ∗ ASFRt (B
c,l
i ) ∗

1
ASFRsp(cl)

(9)

where L is the links requested by the connection R. More
in detail, the metric is composed of three parts. The first
two parts are the frequency-domain and time-domain weights
respectively, which represent the consideration of existing
and future fragmentation at the same time, in order to find
the optimal fragmented SB for allocating. The last part
is the reciprocal of the space-domain weight in the core
resource; that is to say, the larger the traffic load carried in
the core, the smaller the value. On the whole, the smaller the

non-negative value of ASFR(Bc,li ) is, the closer the use of Bc,li
is to the utilization of network fragmentation.

Consider a simple example in Fig. 1 to illustrate ASFR.
We assume a connection Rwith a FS and three RTSs requests
the link l. As can be seen, there are two available SBs
(B6,l1 ,B

6,l
2 ) on the core 6, and the calculation process of

ASFR(B6,l1 ) is as follows: ASFRsp(6l) = 19, ASFRs(l6) =
2−1
3 = 0.333, ASFRt (B

6,l
1 ) =

|
2+3
2 −3|
100 = 0.005, hence,

ASFR(B6,l1 ) = 1
19 ∗ 0.333 ∗ 0.005 = 8.77 ∗ 10−5.

V. FRAGMENTATION-MINIMIZING RCSA SCHEME-
ASFR-BASED RCSA
This paper describes an RCSA scheme based on ASFR.
The scheme takes into account the fragmented resources of
frequency, time, and space domain in the process of resource
allocation for connections to achieve fragmentation minimiz-
ing in SDM-EONs. For each connection request, it chooses
the available SB with a minimum value of ASFR, improving
the utilization of spectrum resources. The SB is from spec-
trum resources with minimal occupied resources, and core
resources with maximum free resource reservation. More-
over, the block based on the alignment of the surrounding
connections remaining time for the requests minimizes future
fragmentation. At the same time, the IC-XT is considered.
The spectrum resources satisfying the IC-XT threshold are
selected for the requests, which guarantees the connection
requests can be transmitted successfully.

The procedure of spectrum allocation for each lightpath
request in our proposed scheme is given in Algorithm 1.
When a connection request R(s, d, b, tb, te) arrives, we first
plan k shortest paths as P with KSP algorithm for it (step 1).
Next, the number of FSs and RTSs requested by connection
R on the path Pj are computed using (1) and (5) respectively
(steps 2-3). Then, total available SBs and resources occupied
by connections in the all cores are searched, if SBs are found,
the IC-XT is calculated by using (3) in turn (steps 4-8).
Next, if their XTi is less than the XTthreshold, their ASFRi is
calculated by using (9) (steps 9-14). Finally, the block with
the minimum value of ASFR is allocated for the request R
(step 15). Otherwise, the connection requestR is blocked after
total paths are searched (steps 16-21).

The computational complexity of the scheme is determined
by the number of available SBs, occupied resources in the
cores and planned path. The time complexity to search avail-
able SBs for the connection requests or occupied resources
is |C||S|/2, where |C| and |S| are the total number of FSs in
each core and the total number of core in the network, respec-
tively. The time complexity to plan paths for each lightpath
request is O(kElogV ) (i.e., V and E are the number of nodes
and the number of links between nodes, respectively). Thus,
the time complexity of Algorithm 1 is O(kElogV |C||S|).

The proposed scheme is explained with an example.
We suppose a simple network topology with three nodes and
three links is shown in Fig. 2, The number on the link is the
distance between the nodes. There are nine lightpath requests
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Algorithm 1 ASFR-Based RCSA
input: Arriving connection request R(s, d, b, tb, te).
output: Spectrum allocation.
1: Plan k shortest paths as P with KSP algorithm for the

connection request R.
2: for path Pj from j = 1 to j = k do
3: Compute the number of FSs and RTSs requested by

connection R using (1) and (5) respectively.
4: Search total available SBs as B and resources occu-

pied by connections as r in all cores.
5: if available block can be found in B then
6: Record the number n of available blocks.
7: for available block Bi from i = 1 to i = n do
8: Calculate XTi using (3).
9: if XTi < XTthreshold then
10: Calculate its ASFRi using (9).
11: else
12: Continue.
13: end if
14: end for
15: Select the SB with the minimum of ASFR to

allocate it for the connection request R.
16: else
17: if j == k then
18: Reject connection request R.
19: end if
20: end if
21: end for

FIGURE 2. A simple network topology with three nodes.

for spectrum allocation considered, which are summarized
in Table 2. The FMM-RCSA and ASFR-RCSA schemes are
compared by calculating FMM and ASFR for each connec-
tion request, respectively. The values for both are also shown
in Table 2.

Assuming that the number of cores in the network is two,
a time slot base capacity τ is 1 [s], and each link contains eight
FSs. The three axes represent the spectrum, link, and core
resources respectively (to simplify of expression, the time
domain is considered but not represented in the 3D resource
pool). With the setup and departure of lightpath requests,
we can see from Fig. 3 at 9 [s]: spectrum allocation of
FMM-RCSA scheme is relatively confused, and the lightpath
request r9 with the source node 1 and destination node 2 is
blocked due to the shortage of available spectrum resources
on the link 1-2. However, our proposed scheme can allocate
resources for it successfully. This is because we take into

TABLE 2. Summary of connection request demands.

FIGURE 3. Comparison of spectrum allocation when network runs to 9 [s]
using (a) FMM-RCSA and (b) ASFR-RCSA schemes.

account the existing fragmentation, the remaining time of
SBs, and the choice of the core, truly achieving the mea-
surement and avoidance of spatial fragmentation by using
3Dmetric. Our proposed scheme addresses the fragmentation
problem in SDM-EONs more comprehensively.

VI. SIMULATION SETUP AND RESULTS
In this section, we evaluate the performance of our
ASFR-RCSA and FMM-RCSA in terms of blocking prob-
ability, spectrum utilization, and fragmentation rate. In two
algorithms, a k-shortest path routing strategy, with k = 3,
is used. We set up the experiments for 8 nodes with 10 bi-
direction physical links of Ring Network [34], and 14 nodes
with 21 bi-direction physical links of National Science Foun-
dation Network (NSFNET) [35], [36], as shown in Fig. 4.
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TABLE 3. The parameters used to determine transmission reach, capacity
per FS, and IC-XT thresholds for each modulation formats.

FIGURE 4. Physical topology of (a) Ring network and (b) NSFNET with
optical fiber link length in kilometers.

In addition, we consider that there are 358 FSs of 12.5 GHz
in each core of links [28], [37]. Each Link of the network
includes MCF with seven enabled cores, and the band-
width requests are uniformly distributed between 50 GHz
and 400 GHz [26]. Four modulation techniques are consid-
ered in two algorithms, namely, BPSK, QPSK, 8-QAM, and
16-QAM. The parameters used to determine transmission
reach, capacity per FS, and thresholds of IC-XT for each
modulation format are shown in Table 3 [38]. We assume the
guardband of two FSs to avoid interference effects between
adjacent optical lightpaths [39]. The worst-case IC-XT esti-
mation is used by both schemes. And we guarantee the con-
nection requests can be transmitted by satisfying the IC-XT
thresholds.

The fiber parameters k, r, β, ωtr in (2) are set as 3.16 ∗
105, 55 [mm], 4 ∗ 106, and 45 [µm], respectively [25]. The

results are obtained from 100,000 lightpath requests, which
are generated randomly among any node pairs. The arrival of
lightpath requests follows Poisson process, and the holding
time follows the negative exponential distribution with mean
20 [s] (λ = 1/20) [27]. The confidence interval is 95%, with
less than 5% error for each displayed point of diagram.

A. BLOCKING PROBABILITY
Fig. 5 and Fig. 6 depict the variation of blocking probability
(BP). Obviously, they have the rough same performance in
terms of BP in the two networks. It can be seen that the
BP increases with the increase of the traffic load, because
the number of lightpath requests increases per unit time.
Then, when the spectrum resources occupied by each optical
link become saturated, the next incoming lightpath requests
will be blocked due to the shortage of available spectrum
resources.

FIGURE 5. TBP performance comparison on FMM-RCSA scheme and
ASFR-RCSA scheme evaluated in (a) Ring network and (b) NSFNET.

1) TRAFFIC BLOCKING PROBABILITY
Traffic blocking probability (TBP) is as a ratio of the
amount of blocked traffic requests to total traffic requests.
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FIGURE 6. BBP performance comparison on FMM-RCSA scheme and
ASFR-RCSA scheme evaluated in (a) Ring network and (b) NSFNET.

Fig.5 (a) and (b) compare the TBP of the conventional
FMM-RCSA scheme and the proposed ASFR-RCSA scheme
in Ring network and NSFNET, respectively. As we can
see, ASFR-RCSA scheme has lower TBP than conventional
scheme, which proves our scheme can carry more traffic
requests. This is because it measures 3D fragmentation in
SDM-EONs comprehensively using ASFR, and selects avail-
able free resources with the maximum degree of fragmenta-
tion, leaving more continuous room for future traffic requests
and improving their success rate. We note from Fig.5 that
TBP in NSFNET is reduced by 6% than in Ring network
when the traffic load is 480 [Erlang]. This is because there are
more available candidate routing paths and more allocation
methods in NSFNET. In another word, the connectivity of
NSFNET topology is better, and there are more opportunities
to establish lightpath successfully.

2) BANDWIDTH BLOCKING PROBABILITY
Bandwidth blocking probability (BBP) is as a ratio of the
blocked bandwidth to total requested bandwidth. The BBP of
the ASFR-RCSA scheme is lower than conventional scheme

FIGURE 7. SU performance comparison on FMM-RCSA scheme and
ASFR-RCSA scheme evaluated in (a) Ring network and (b) NSFNET.

in Fig. 6, because the harmonious operation in the spec-
trum and core allocation reduces the spectrum fragmen-
tation. In particular, the proposed scheme accommodates
15% and 28% more admissible traffic volume than that
using the conventional scheme when the satisfied block-
ing probability is considered 5% in Ring network and
NSFNET, respectively. This is attributed to the fact that our
fragmentation-minimizing scheme is able to create connec-
tions for each bandwidth request by planning the network
resources reasonably. The fact makes the available resources
in the network more continuous, satisfying traffic requests
with greater bandwidth.

B. SPECTRUM UTILIZATION
Spectrum utilization (SU) is defined by [9]:

SU =
λ ∗ (FSsall − FSsblock)

FSstotal ∗ Time
(10)

where the holding time of total connections follows the
negative exponential distribution with mean λ, FSsall rep-
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FIGURE 8. FR performance comparison on FMM-RCSA scheme and
ASFR-RCSA scheme evaluated in (a) Ring network and (b) NSFNET.

resents the required spectrum resources of all connections,
FSsblock shows the required spectrum resources of all blocked
connections, FSstotal denotes total FSs in SDM-EONs, and
Time represents running time of the network. By definition,
SU represents the occupancy of spectrum resources for all
connection requests of the network. In Fig. 7, our scheme
has higher SU than the conventional scheme. There are two
reasons for the high SU. On the one hand, our scheme has
a lower BP, which means that it can accommodate more
connections (i.e., more spectrum occupancy) in the running
time of the network. On the other hand, more importantly,
when allocate spectrum for each connection, we take into
account 3D fragmentation of the network to find the spectrum
and core resource that can accommodate and leave the largest
room, which is bound to have better spectrum planning than
the conventional scheme, resulting in a significant increase in
spectrum occupation.

C. FRAGMENTATION RATE
Fragmentation rate (FR) is as ratio of the number of free SBs
to free FSs. By definition, the FR shows the occupancy of

fragmentation resources in the network. It can be seen from
Fig. 8 that the proposed ASFR-RCSA has a low FR. This
is because we consider the fragmentation resources from the
frequency-time-space domain when allocate spectrum for the
connection. The extent to which the fragmentation resources
can accommodate the connections in the frequency domain is
considered to minimize fragmentation of the network. Then,
the remaining time of the SB in the time domain is calculated.
We select the SB that can be transmitted synchronously with
the connection to minimize future fragmentation. Finally,
the occupation of existing spectrum resources in the space
domain is considered to realize maximum free resource reser-
vation, improving the utilization of fragmentation resources
and reducing the FR.

In summary, our scheme will have better performance than
the conventional scheme in BR, PU, and FR. We make better
use of the smaller fragmentation resources of the network
and realize the aggregation of fragmentation by using 3D
metric-ASFR, which makes the resource state more regular
improving the network performance. This will be the greatest
contribution to our work.

VII. CONCLUSION
In this paper, we study the issue of the complex 3D frag-
mentation in SDM-EONs. From the perspective of effec-
tive resource measurement, we comprehensively analyze the
formation of 3D fragmentation in the frequency, time, and
space domain. Based on this, we propose the ASFR, and then
select the optimal fragmentation resources for the connection
requests in the ASFR-RCSA. Numerical results show that our
scheme has lower BP, FR, and higher SU than the traditional
scheme. The benefits of our method result from we find
the spectrum place with minimal occupied resources and
SB based on the alignment of the surrounding connections’
remaining time to minimize fragmentation. At the same time,
we realize maximum free resource reservation of the core in
the space domain, resulting in significantly improved network
performance.

REFERENCES
[1] Cisco. (2020). Cisco Annual Internet Report (2018–2023) White Paper.

[Online]. Available: http://www.cisco.com
[2] M. Jinno, ‘‘Elastic optical networking: Roles and benefits in beyond

100-Gb/s era,’’ J. Lightw. Technol., vol. 35, no. 5, pp. 1116–1124,
Mar. 1, 2017.

[3] T. Ahmed, S. Rahman, S. Ferdousi, M. Tornatore, A. Mitra,
B. C. Chatterjee, and B. Mukherjee, ‘‘Dynamic routing, spectrum,
and modulation-format allocation in mixed-grid optical networks,’’ J. Opt.
Commun. Netw., vol. 12, no. 5, pp. 79–88, 2020.

[4] A. Alyatama, ‘‘Relative cost routing and spectrum allocation in elastic
optical networks,’’ J. Opt. Commun. Netw., vol. 12, no. 3, pp. 38–49, 2020.

[5] B. C. Chatterjee, S. Ba, and E. Oki, ‘‘Fragmentation problems and man-
agement approaches in elastic optical networks: A survey,’’ IEEECommun.
Surveys Tuts., vol. 20, no. 1, pp. 183–210, 1st Quart., 2018.

[6] L. Luo, X. Liu, J. Zhang, C. Yu, and J. Shen, ‘‘Policy-based comparison-
triggered defragmentation mechanism for elastic optical networks,’’ in
Proc. ICOM, Hangzhou, China, 2019s, pp. 37–44.

[7] P. Lechowicz, M. Tornatore, A. Wlodarczyk, and K. Walkowiak,
‘‘Fragmentation metrics and fragmentation-aware algorithm for spec-
trally/spatially flexible optical networks,’’ J. Opt. Commun. Netw., vol. 12,
no. 5, pp. 133–145, 2020.

VOLUME 8, 2020 201603



J. Zhang et al.: 3D Fragmentation Metric and RCSA Scheme for SDM-EONs

[8] D. Adhikari, D. Datta, and R. Datta, ‘‘Impact of BER in fragmentation-
aware routing and spectrum assignment in elastic optical networks,’’ Com-
put. Netw., vol. 172, May 2020, Art. no. 107167.

[9] H. Liu, H. Hu, Y. Chen, and L. Du, ‘‘Fragmentation-avoiding spectrum
assignment algorithm based on time-spectrum partition for elastic optical
networks,’’ Opt. Fiber Technol., vol. 53, Dec. 2019, Art. no. 102020.

[10] Y. Sone, A. Hirano, A. Kadohata, M. Jinno, and O. Ishida, ‘‘Routing and
spectrum assignment algorithm maximizes spectrum utilization in optical
networks,’’ in Proc. ECOC, Geneva, Switzerland, 2011, pp. 1–3.

[11] X. Chen, S. Ma, B. Guo, Y. Wang, J. Li, Z. Chen, and Y. He, ‘‘A novel
fragmentation-aware spectrum allocation algorithm in flexible bandwidth
optical networks,’’ Opt. Switching Netw., vol. 12, pp. 14–23, Apr. 2014.

[12] Y. Yin, M. Zhang, Z. Zhu, and S. J. B. Yoo, ‘‘Fragmentation-aware routing,
modulation and spectrum assignment algorithms in elastic optical net-
works,’’ in Proc. OFC/NFOEC, Los Angeles, CA, USA, 2013, p. OW3A.

[13] Y. Zhao, L. Hu, R. Zhu, X. Yu, X. Wang, and J. Zhang, ‘‘Crosstalk-aware
spectrum defragmentation by re-provisioning advance reservation requests
in space division multiplexing enabled elastic optical networks with multi-
core fiber,’’ Opt. Express, vol. 27, pp. 5014–5032, 2019.

[14] F. Yousefi and A. Ghaffarpour Rahbar, ‘‘Novel crosstalk, fragmentation-
aware algorithms in space division multiplexed-elastic optical networks
(SDM-EON) with considering physical layer security,’’ Opt. Switching
Netw., vol. 37, May 2020, Art. no. 100566.

[15] G. Li, N. Bai, N. Zhao, and C. Xia, ‘‘Space-division multiplexing: The next
frontier in optical communication,’’ Adv. Opt. Photon., vol. 6, no. 4,
pp. 413–487, 2014.

[16] L. Zhang, J. Chen, E. Agrell, R. Lin, and L. Wosinska, ‘‘Enabling tech-
nologies for optical data center networks: Spatial division multiplexing,’’
J. Lightw. Technol., vol. 38, no. 1, pp. 18–30, Jan. 1, 2020.

[17] P. M. Moura and N. L. S. D. Fonseca, ‘‘Routing, core and spectrum
assignment based on connected component labelling for SDM optical
networks,’’ in Proc. ICC, Kuala Lumpur, Malaysia, 2016, pp. 1–6.

[18] H. Yuan, M. Furdek, A. Muhammad, A. Saljoghei, L. Wosinska,
and G. Zervas, ‘‘Space-division multiplexing in data center networks:
On multi-core fiber solutions and crosstalk-suppressed resource alloca-
tion,’’ J. Opt. Commun. Netw., vol. 10, no. 4, p. 272, 2018.

[19] Y. Xiong, Y. Ye, H. Zhang, J. He, B. Wang, and K. Yang, ‘‘Deep learning
and hierarchical graph-assisted crosstalk-aware fragmentation avoidance
strategy in space division multiplexing elastic optical networks,’’ Opt.
Express, vol. 28, pp. 2758–2777, 2020.

[20] F. Pederzolli, D. Siracusa, A. Zanardi, G. Galimberti, D. La Fauci, and
G. Martinelli, ‘‘Path-based fragmentation metric and RSA algorithms for
elastic optical networks,’’ J. Opt. Commun. Netw., vol. 11, no. 3, pp. 15–25,
2019.

[21] F. Yang, L. Wang, X. Chen, Y. Zhao, and J. Zhang, ‘‘A holding-time-aware
routing and spectrum allocation algorithm in elastic optical network,’’ in
Proc. PGC, Singapore, 2017, pp. 1–3.

[22] S. K. Singh and A. Jukan, ‘‘Efficient spectrum defragmentation with
holding-time awareness in elastic optical networks,’’ J. Opt. Commun.
Netw., vol. 9, no. 3, pp. B78–B89, 2017.

[23] L. Liu, Z. Zhu, and S. J. B. Yoo, ‘‘3D elastic optical networks in tem-
poral, spectral, and spatial domains with fragmentation-aware RSSMA
algorithms,’’ in Proc. ECOC, Milan, Italy, 2014, pp. 1–3.

[24] L. Zhang, C. Yu, and R. He, ‘‘Time-aware routing and spectrum assignment
assisted by 3D-spectrum auxiliary graph in elastic optical networks,’’ in
Proc. ICC, Kansas City, MO, USA, 2018, pp. 405–412.

[25] Y. Zhao, L. Hu, R. Zhu, X. Yu, X. Wang, and J. Zhang, ‘‘Crosstalk-aware
spectrum defragmentation based on spectrum compactness in space divi-
sion multiplexing enabled elastic optical networks with multicore fiber,’’
IEEE Access, vol. 6, pp. 15346–15355, 2018.

[26] S. Trindade and N. L. S. D. Fonseca, ‘‘Proactive fragmentation-aware
routing, modulation format, core, and spectrum allocation in EON-SDM,’’
in Proc. ICC, Shanghai, China, 2019, pp. 1–6.

[27] A. Athari Beyragh, A. G. Rahbar, S.-M. Hosseini Ghazvini, and
M. Nickray, ‘‘IF-RSCA: Intelligent fragmentation-aware method for rout-
ing, spectrum and core assignment in space division multiplexing elastic
optical networks (SDM-EON),’’Opt. Fiber Technol., vol. 50, pp. 284–301,
Jul. 2019.

[28] Q. Yao, H. Yang, A. Yu, J. Zhang, and Y. Ji, ‘‘Service provisioning based on
association rules mining between crosstalk and fragmentization in multi-
core elastic optical networks,’’ inProc. OECC/PSC, Fukuoka, Japan, 2019,
pp. 1–3.

[29] F. Yousefi and A. G. Rahbar, ‘‘Novel fragmentation-aware algorithms for
multipath routing and spectrum assignment in elastic optical networks-
space division multiplexing (EON-SDM),’’ Opt. Fiber Technol., vol. 46,
pp. 287–296, Dec. 2018.

[30] J. Tu, K. Saitoh, M. Koshiba, K. Takenaga, and S. Matsuo, ‘‘Design and
analysis of large-effective-area heterogeneous trench-assisted multi-core
fiber,’’ Opt. Express, vol. 20, no. 14, pp. 15157–15170, Jul. 2012.

[31] M. Klinkowski and G. Zalewski, ‘‘Dynamic crosstalk-aware lightpath
provisioning in spectrally-spatially flexible optical networks,’’ J. Opt.
Commun. Netw., vol. 11, no. 5, pp. 213–225, 2019.

[32] M. Koshiba, K. Saitoh, K. Takenaga, and S. Matsuo, ‘‘Analytical
expression of average power-coupling coefficients for estimating inter-
core crosstalk in multicore fibers,’’ IEEE Photon. J., vol. 4, no. 5,
pp. 1987–1995, Oct. 2012.

[33] R. Wang and B. Mukherjee, ‘‘Spectrum management in heterogeneous
bandwidth networks,’’ in Proc. GLOBECOM, Anaheim, CA, USA, 2012,
pp. 2907–2911.

[34] A. Horota, L. Reis, G. B. Figueiredo, and N. L. S. Fonseca, ‘‘Routing and
spectrum assignment algorithm with most fragmented path first in elastic
optical networks,’’ IEEE Latin Amer. Trans., vol. 14, no. 6, pp. 2908–2986,
Jun. 2016.

[35] J. Wu, S. Subramaniam, and H. Hasegawa, ‘‘Efficient dynamic routing
and spectrum assignment for multifiber elastic optical networks,’’ J. Opt.
Commun. Netw., vol. 11, no. 5, pp. 190–201, 2019.

[36] J. Zhao, B. Bao, B. C. Chatterjee, E. Oki, J. Hu, and D. Ren, ‘‘Dispersion
based Highest-Modulation-First last-fit spectrum allocation scheme for
elastic optical networks,’’ IEEE Access, vol. 6, pp. 59907–59916, 2018.

[37] J. Zhao, B. Bao, H. Yang, E. Oki, and B. C. Chatterjee, ‘‘Holding-time-and
impairment-aware shared spectrum allocation in mixed-line-rate elastic
optical networks,’’ J. Opt. Commun. Netw., vol. 11, no. 6, pp. 322–332,
2019.

[38] A. Muhammad, G. Zervas, and R. Forchheimer, ‘‘Resource allocation
for space-division multiplexing: Optical white box versus optical black
box networking,’’ J. Lightw. Technol., vol. 33, no. 23, pp. 4928–4941,
Dec. 1, 2015.

[39] J. Zhao, Q. Yao, X. Liu, W. Li, and M. Maier, ‘‘Distance-adaptive routing
and spectrum assignment in OFDM-based flexible transparent optical
networks,’’Photon. Netw. Commun., vol. 27, no. 3, pp. 119–127, Jun. 2014.

JUAN ZHANG received the B.S. degree in infor-
mation management and information system from
Yuncheng University, Yuncheng, China, in 2018.
She is currently pursuing the M.S. degree in soft-
ware engineering with the Hebei University of
Engineering, Handan, China. Her research inter-
ests include elastic optical networks, resource opti-
mization, fragmentation management, and space
division multiplexing networks.

BOWEN BAO received the M.S. degree from the
Hebei University of Engineering, Handan, China,
in 2019. He is currently pursuing the Ph.D. degree
with the Beijing University of Posts and Telecom-
munications (BUPT), Beijing, China. His research
interests include elastic optical networks, routing
and spectrum allocation, fragmentation voidance,
and so on.

201604 VOLUME 8, 2020



J. Zhang et al.: 3D Fragmentation Metric and RCSA Scheme for SDM-EONs

QIUYAN YAO received the M.S. degree in com-
puter science and technology from the Hebei Uni-
versity of Engineering, Handan, China, in 2015.
She is currently pursuing the Ph.D. degree with
the Beijing University of Posts and Telecommu-
nications (BUPT), Beijing, China. Her research
interests include routing and spectrum assignment
strategy in elastic optical networks and space divi-
sion multiplexing networks.

DANPING REN received the Ph.D. degree in elec-
tromagnetic field and microwave technique from
the Beijing University of Posts and Telecommu-
nications (BUPT), Beijing, China, in 2013. She is
currently a Professor with the School of Informa-
tion and Electric Engineering, Hebei University of
Engineering, Handan, China. She has published
more than 20 articles. Her current research inter-
ests include next-generation broadband access net-
works, wireless sensor networks, and smart grid.

JINHUA HU received the Ph.D. degree in elec-
tronics science and technology from the Bei-
jing University of Posts and Telecommunications
(BUPT), Beijing, China, in 2014. He currently
works with the School of Information Science and
Electrical Engineering, Hebei University of Engi-
neering, Handan, China. He is also an Associate
Professor. He has published more than 30 articles.
His current research interests include nanophoton-
ics, optical sensing, optical communication, and
optical networks.

JIJUN ZHAO (Member, IEEE) received the Ph.D.
degree in electromagnetic field and microwave
technique from the Beijing University of Posts
and Telecommunications (BUPT), Beijing, China,
in 2003. He was the Dean of the School of Infor-
mation and Electrical Engineering. He is currently
a Full Professor with the Hebei University of Engi-
neering, Handan, China. He is also the Dean of the
Graduate Department, Hebei University of Engi-
neering, which is responsible for the education of

graduate students. He has published more than 70 articles and applied for
ten patents of invention. His current research interests include broadband
communication networks, the Internet of Things, and smart security and
protection. He is a member of ACM.

VOLUME 8, 2020 201605


